This paper is the first of three describing the monitoring of filament wound cylinders using Bragg grating sensors. Part I describes the technological issues and the development of specimens instrumented with embedded gratings and thermocouples. The aim is to monitor the temperature and strain changes during cylinder manufacture (see Part II) and in-service behaviour (see Part III). Specimens are filament wound glass reinforced epoxy composites, so two technological problems have to be solved: one is to collect data during fabrication and the second is to remove the specimen from the mandrel without damaging the sensors. These were accomplished by design of a specially adapted split mandrel and a rotating interface between the filament winding machine and the composite cylinder in fabrication. Immediately after sensor insertion it was possible to monitor the fabrication process, by collecting Bragg grating wavelength and temperature response, using this specially adapted tooling.
Introduction
Physico-chemical and mechanical studies of cured parts and structures can provide important information on the influence of manufacturing conditions but they are not able to follow the complete history of the fabrication process. Indeed, the severe operating conditions during manufacturing (high temperature, pressure, rotation…) make in-situ measurement recording during the fabrication phase very difficult. The development of optical fibre technologies is one approach to meet this challenge and has been the subject of much recent research activity [1] [2] [3] . Advantage can be taken of the composite material integration potential, so that composite parts are instrumented with embedded optical fiber Bragg gratings. In the fabrication process of composite cylinders it is of key importance to characterize the material condition during the curing stage, where residual strains are generated. These strains can contribute to defect formation even before service, in the form of internal delaminations [4] and fiber distortion [5] . One way which has been explored for monitoring the material response during fabrication of composite plates is the use of strain and temperature sensors embedded in the material. This in-situ instrumentation could be useful for testcalculation dialogue [6] . The filament winding process is widely used for fabrication of composite cylinders, where the composite cylinder is continuously rotated during both the winding and curing stages, in order to avoid non uniform resin distribution. The rotation makes sensor placement and data acquisition very difficult because the sensors are turning at the same time as the composite component. In recent years optical fiber based sensors, such as Bragg gratings, have been increasingly used for in situ strain and temperature monitoring, because they produce a minimal host material perturbation [7] [2], can be easily embedded [8] and have excellent compatibility with the host [9] . To adapt these fiber sensors to the filament winding process, it is first necessary to develop a technique for placement during winding, and then have an interface between the sensor's wiring (rotating with the component) and the sensor data acquisition instruments, which are stationary and outside the component. There are very few published papers on the monitoring of the fabrication process in filament wound cylinders. Stringer [5] used embedded Bragg gratings for measuring residual strains, before and after fabrication; the main sensors used by Stringer and coworkers, were strain gages and piezo-electric sensors, both embedded. Lee [10] monitored the temperature evolution during curing of composite cylinders made by filament winding, using thermocouples; these specimens were thick cylinders for fly wheel applications. While making measurements, the composite cylinder remained static during curing, so this was not representative of the real filament winding process, where the component rotates. Most of the other published work fielding this area deals with in-service monitoring of composite vessels [11] and risers for the offshore industry [12] . No published papers have been found on the study of strain and temperature monitoring during the fabrication process of rotating filament wound cylinders using fiber optic Bragg gratings. The aim of the present study is to develop a procedure to enable specimens made by filament winding to be instrumented to monitor strain and temperature through the entire fabrication process. This can provide important information for the study of the mechanical response during fabrication, and is important in order to establish the initial material conditions, especially in terms of residual strains (see Part II). In order to position and interrogate this kind of sensor it was necessary to develop an adaptive tooling specially designed for this process. In addition, this allows the optical fiber to be protected after the manufacturing phase, so that measurements can be made during subsequent storage and then throughout the service life as well (see Part III).
Fabrication process and cylinder characteristics

Winding
The filament winding machine used is described in detail elsewhere [13] . Combined axial and rotation displacements produce double helicoidal paths, this kinematic movement forms a rhomboid shaped unit cell, which is a classical filament winding pattern [13] . A detailed explanation of winding patterns can be found in references [14] [15].
Curing
To maintain a uniform resin distribution, it is necessary to rotate the cylinder during the curing cycle. For this operation a turning mandrel is used, which is placed together with the cylinder in an oven ( Figure 1 ). The theoretical curing cycle begins with a heating ramp of 3°C per minute for 10 minutes. At 50°C the temperature is kept constant for 900 minutes (due to the temperature tolerance of the prototype rotating connector); the oven cycle finishes with a cooling ramp of 1°C per minute down to 40°C.
Cylinder dimensions and Materials
The cylinders used in this research were designed as thin walled specimens for external pressure testing in a hyperbaric chamber (see Part III). They have a thickness of 4.42 mm, and the reinforcement fiber is a continuous glass roving (1200 tex), of width 3.5 mm. The winding has a pattern of 1 or 5 rhomboids (2 and 3 specimens respectively) in the circumferential direction. The resin used is a mixture of Araldite LY 5052 and hardener HY 5052. Winding angle is ±55° with respect to the cylinder axis. The number of layers is 7, considering one filament wound layer to be composed of two unidirectional layers, with orientations +  and -. Two zones of reinforcing fibers with an angle of 90° were made at both ends of the cylinder. The final length (350 mm) was obtained by machining the specimen ends, this machining also gave flat end faces to the cylinder, to obtain a hermetic seal for external pressure test (see Part III). The specimen geometry is shown in Figure 2. 
Adapted tooling
In order to obtain meaningful strain readings with the fiber Bragg grating sensor technique used here, a reference temperature is needed. For this purpose in this work wire thermocouples are used, in addition to the optical fibers. Two optical signal lines, each one having the capability to read several Bragg gratings, and one thermocouple signal line for each optical line were installed in the specimens. Since both cylinder ends have to be machined and the specimen is to be exposed to external pressure, it is impossible for the embedded sensor's terminals to leave the cylinder through the cylinder end surfaces or by the cylinder external surface. This restriction led to a solution in which the cables exit via the inner surface (compatible with the instrumentation of an autonomous underwater vehicle structure). To accomplish this, two developments were necessary: first the mandrel design, and second the filament winding machine rotary -static cable interface design.
Mandrel
A split metallic mandrel design was chosen in order to ensure cylinder dimensional stability, cable passage capability at mid-length, and mandrel extraction without fiber optic damage (see Figure 3) .
Filament winding machine rotary -static cable interface
Because it was desired to have data acquisition during the winding and curing (see Part II), the signal cables (optical and electrical) were placed from the mandrel interior through the filament winding machine hollow spindle shaft and then connected to the interface between static and rotary parts. This was a dual fiber optic rotary joint (FORJ) with an electrical slip ring assembly, both adapted to form a connector system which was installed inside the mandrel (see Figure 4) . The system can work in two configurations, one for winding and one for curing. Detailed information can be found in [16] . This system has the capability to acquire data not only during fiber placement and curing (see Part II), but also in service or during mechanical testing to failure (see Part III).
Instrumentation characteristics
Sensor response
Bragg grating sensors for strain measurement are based on wavelength modulation [17] . The Bragg grating has a periodical refraction index variation in the optical fiber core, over a finite length, working as a series of optical mirrors. The refraction index period is called grating period [18] . When the grating is reached by a luminescent signal, the reflected portion has a very narrow band with a central wavelength called the Bragg wavelength  B . Temperature variation T, and longitudinal strain  both produce a wavelength shift  B [18] [19] ; the simplified grating behavior can be written as equation 1: with a B , and b B being the sensitivities to temperature and strain respectively (see Part II).
The grating response to hydrostatic pressure is neglected in many applications, since the temperature and strain responses are greater [19] [20] , and also because, in this case, Bragg gratings are embedded in the material, so they are sensitive to shell strains and not to hydrostatic pressure. To decouple strain and temperature responses, the thermo-optical sensor response is characterized before the sensor is embedded in the material. Once the thermal response is known, the strain can be obtained if a temperature sensor is embedded just next to the optical grating, in this case this is done with a thermocouple.
The fiber axial strain can be extracted from the absolute wavelength read from the interrogator instrument (Micron Optics SI 425), using equation 2 below, where the reading is the Bragg grating wavelength response indicated by the grating interrogator and (T) is an equation obtained from the grating thermal response characterization, made before sensor placement.
The Bragg grating sensors used in this research have a nominal Bragg wave length between 1530 and 1560 nm. The Bragg grating length is 10 mm and is uniformly inscribed by UV with a phase mask and apodization in a 125 m diameter optical fiber, having a polyacrylate coating (SMF-28e ® ). It measures a mean strain value over the sensor length. Thermocouples are of K type of diameter 250 m and with a glass fiber coating. Optical fibers containing Bragg gratings are aligned in both axial and circumferential directions, and a thermocouple is placed next to each Bragg grating.
Sensor placement technique
Once the conditioned mandrel with the rotary interface and sensors is placed in the filament winding machine (see Figure 5a ), the placement of the first epoxy-impregnated glass fibre layer is carried out (Figure 5b ), next the sensors are placed over the first layer, one Bragg grating (Fbg1) and one thermocouple (Tc1) in the circumferential direction, and one Bragg grating (Fbg2) and the second thermocouple in the axial direction ( Figure 5c ). A second layer is carefully wound over the first layer, covering the sensors, and then the rest of the layers are placed as for any other non instrumented specimen (Figure 5d ). After curing, the mandrel is carefully extracted from the composite cylinder. The specimen is then ready to follow a machining operation in order to cut the ends, obtain the final dimensions and prepare clean surfaces at both ends ( Figure 5e ). This results in the finished, instrumented cylinder (Figure 5f ).
Results and discussion
Several monitoring tests have been performed using the in-situ instrumentation and monitoring technique described here. In each case, wavelength and temperature readings were collected, constituting the raw data, these data were then processed in order to obtain strain and temperature values. The objective of this paper is to demonstrate that the technique functions correctly for monitoring strain and temperature during the fabrication of composite cylinders and also its capability to detect the different events during the filament winding fabrication process. In Figure 6 , two graphs are presented, which show the Bragg grating wavelength response together with the thermocouple response. These results are given here as an example of typical curves. Details of these experiments will be presented and discussed in Part II.
The curves in Figure 6 represent wavelength and temperature responses of sensors placed in the circumferential and axial directions of both specimens and are divided into two segments. The first one is the sensor response during winding, and the second segment is the sensor's response during the curing cycle. The time when there is no signal between these segments is the time elapsed while the specimen was transferred from the filament winding machine to the oven, where no data was recorded.
The thermocouple responses show the expected behavior; during winding, the temperature increment with time is due to an increase in ambient temperature. During the polymerization cycle, the temperatures follow the programmed thermal cycle. The Bragg grating sensors show that the mechanical response of the gratings is negligible compared to the thermal response immediately after insertion. This is because the host material (liquid resin) has no bond with the optical fibers. Once the polymerization has started the matrix begins to form a bond with the optical fiber, and the strain component from the grating signal increases. At the end of the curing cycle, the matrix is completely polymerized and the optical fiber follows matrix strain. In Figure 6 , it can be seen that at the end of the curing cycle, the grating response does not reach a value similar to the initial value, while the thermocouple temperature returns to the initial value. This indicates the presence of residual strains; this is clearly observed in the grating in the axial direction. The difference in wavelength values from initial condition to the curing cycle value for gratings placed in the circumferential direction is not significant with respect to the values obtained from axial gratings.
In Figure 6 , it may also be noted that during the constant temperature segment of the curing cycle, the circumferential grating response follows the temperature, but in the axial direction, the grating responses change while temperature remains almost constant. A similar behavior of the temperature and grating signal means no change in strain, while any differences between grating signals and thermocouple responses indicate variations in axial strain. At the end of the curing cycle it can be seen that axial grating signals show lower values than those at the beginning of the curing cycle. These represent negative strain (contraction), while in the circumferential direction the gratings have almost the same values as before the curing cycle; there are small positive strain values (which represent a slight expansion). Specimen strains are obtained by extracting the elastic component from the total grating response, using equation 2. In Figure 7 , the axial and circumferential strains plots from the instrumented specimen are shown. These values are obtained substituting the wavelengths and temperatures shown in Figure 6 , into equation 2.
More detailed results are presented in Part II. As noted above, during winding, the grating wavelength response follow the temperature variations; this indicates small variations in strains as shown in Figure 7 . During the curing stage, the strain variations show clearly that there are residual strains. At the end of the cooling ramp the strain values in the circumferential direction represent expansion, while in the axial direction they represent contraction. The curves in Figure 7 show the strain evolution during the fabrication process, which was the main objective of this research. These graphs demonstrate that the tools designed here and the test procedures are capable of monitoring strain and temperature during composite cylinder fabrication.
Conclusion and perspectives
A specially adapted tooling has been developed to collect Bragg grating sensors signals during the filament winding fabrication process, allowing mandrel extraction without optical fiber damage. The integration of Bragg grating sensors during winding and curing is a useful technique for measuring the initial material condition and it was shown that wavelengths can be transformed into strain and temperature. In-situ fiber optic instrumentation was tested and validated and enables the historical evolution of cylinder response during fabrication to be recorded. In Part II, results from tests on five cylinders will show the Bragg grating's capability to monitor strain evolution during fabrication, and their capacity to detect several phenomena occurring during in addition to quantifying the initial material condition. In Part III, a cylinder previously monitored during fabrication will be tested to failure under external pressure loading, showing the embedded sensor's capability to monitor structural health from fabrication throughout its service life as an underwater pressure vessel. Figure 1 . Cylinder installed on the turning mandrel inside the oven for the curing phase. 
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